The chronic effects of metformin on liver gluconeogenesis involve repression of the G6pc gene, which is regulated by the carbohydrate-response element-binding protein through raised cellular intermediates of glucose metabolism. In this study we determined the candidate mechanisms by which metformin lowers glucose 6-phosphate (G6P) in mouse and rat hepatocytes challenged with high glucose or gluconeogenic precursors. Cell metformin loads in the therapeutic range lowered cell G6P but not ATP and decreased G6pc mRNA at high glucose. The G6P lowering by metformin was mimicked by a complex 1 inhibitor (rotenone) and an uncoupler (dinitrophenol) and by overexpression of mGPDH, which lowers glycerol 3-phosphate and G6P and also mimics the G6pc repression by metformin. In contrast, direct allosteric activators of AMPK (A-769662, 991, and C-13) had opposite effects from metformin on glycolysis, gluconeogenesis, and cell G6P. The G6P lowering by metformin, which also occurs in hepatocytes from AMPK knockout mice, is best explained by allosteric regulation of phosphofructokinase-1 and/or fructose bisphosphatase-1, as supported by increased metabolism of [3-3 H]glucose relative to [2-3 H]glucose; by an increase in the lactate m2/m1 isotopolog ratio from [1,2-13 C 2 ]glucose; by lowering of glycerol 3-phosphate an allosteric inhibitor of phosphofructokinase-1; and by marked G6P elevation by selective inhibition of phosphofructokinase-1; but not by a more reduced cytoplasmic NADH/NAD redox state. We conclude that therapeutically relevant doses of metformin lower G6P in hepatocytes challenged with high glucose by stimulation of glycolysis by an AMP-activated protein kinase-independent mechanism through changes in allosteric effectors of phosphofructokinase-1 and fructose bisphosphatase-1, including AMP, P i , and glycerol 3-phosphate.
The chronic effects of metformin on liver gluconeogenesis involve repression of the G6pc gene, which is regulated by the carbohydrate-response element-binding protein through raised cellular intermediates of glucose metabolism. In this study we determined the candidate mechanisms by which metformin lowers glucose 6-phosphate (G6P) in mouse and rat hepatocytes challenged with high glucose or gluconeogenic precursors. Cell metformin loads in the therapeutic range lowered cell G6P but not ATP and decreased G6pc mRNA at high glucose. The G6P lowering by metformin was mimicked by a complex 1 inhibitor (rotenone) and an uncoupler (dinitrophenol) and by overexpression of mGPDH, which lowers glycerol 3-phosphate and G6P and also mimics the G6pc repression by metformin. In contrast, direct allosteric activators of AMPK (A-769662, 991, and C-13) had opposite effects from metformin on glycolysis, gluconeogenesis, and cell G6P. The G6P lowering by metformin, which also occurs in hepatocytes from AMPK knockout mice, is best explained by allosteric regulation of phosphofructokinase-1 and/or fructose bisphosphatase-1, as supported by increased metabolism of [3-3 H]glucose relative to [2-3 H]glucose; by an increase in the lactate m2/m1 isotopolog ratio from [1,2-13 C 2 ]glucose; by lowering of glycerol 3-phosphate an allosteric inhibitor of phosphofructokinase-1; and by marked G6P elevation by selective inhibition of phosphofructokinase-1; but not by a more reduced cytoplasmic NADH/NAD redox state. We conclude that therapeutically relevant doses of metformin lower G6P in hepatocytes challenged with high glucose by stimulation of glycolysis by an AMP-activated protein kinase-independent mechanism through changes in allosteric effectors of phosphofructokinase-1 and fructose bisphosphatase-1, including AMP, P i , and glycerol 3-phosphate.
Metformin is the most commonly prescribed drug for lowering blood glucose in type 2 diabetes. Its therapeutic effect involves inhibition of glucose absorption by the gut and inhibition of glucose production by the liver (1) . Evidence for the latter mechanism in man is largely derived from chronic studies demonstrating efficacy after 2-26 weeks therapy (2) . Suppression of hepatic glucose production during chronic therapy may involve either acute inhibition of gluconeogenic flux or chronic changes in gene expression (3) (4) (5) , with various arguments in support of the latter. One such argument is a lack of acute effect of intravenously administered metformin on hepatic glucose production in man (6 -8) . Studies on metformin effects on gene expression in animal and cellular models have largely focused on mechanisms mediated by activation of AMPK (9) . However, repression by metformin of the G6pc gene, which encodes the enzyme catalyzing the final reaction in hepatic glucose production, has also been observed in hepatocytes from AMPK-deficient mice (10) . The G6pc gene is of particular interest because it was identified as a component of the metformin mechanism in both animal diabetes and in man by nontargeted approaches (11) (12) (13) and because G6pc is regulated by the transcription factor ChREBP (14) , which is activated by raised cellular phosphorylated intermediates of glucose metabolism in conditions of raised blood glucose or compromised intracellular homeostasis, resulting in raised glucose 6-phosphate, G6P 4 (14 -17) .
ChREBP recruitment to the G6pc gene promoter is inhibited by metformin in association with lowering of cell G6P and fructose 2,6-P 2 (18) . Although G6P lowering by metformin has been shown in liver in vivo (19) and in isolated hepatocytes (18 -21) , the underlying mechanisms remain unsettled. The aim of this study was to identify the mechanism(s) by which metformin levels corresponding to a therapeutic dose lower G6P in hepatocytes. Such mechanisms are expected to contribute to G6pc repression by metformin (10, 18) . Various sets of evidence support lowering of G6P by increased glycolysis via allosteric effectors of phosphofructokinase-1.
Results

Cell metformin accumulation
Intracellular accumulation of metformin is slower in hepatocytes than in liver in vivo (19, 22) . Mice given an intragastric load of 50 mg/kg metformin attain a portal vein metformin concentration of 50 -60 M and accumulate peak metformin levels in liver of 1-2 nmol/mg protein within 30 min (22) . Rat hepatocytes incubated with 100 -200 M metformin accumulate cell loads of 1-2 nmol/mg protein after 2 h (18) . Throughout this study on rat and mouse hepatocytes, we used a protocol comprising a 2-h preincubation with metformin followed by a 1-h incubation with medium containing the substrates and the same metformin concentration as during the preincubation. Using this protocol, the cell metformin content at the end of the 3-h incubation with 100 -200 M metformin is 1-2 nmol/mg in mouse hepatocytes (Fig. 1A) . This corresponds to an intracellular/extracellular metformin concentration ratio of ϳ5 ( Fig.  1B) . These data on mouse hepatocytes (Fig. 1, A and B ) are similar to data on rat hepatocytes reported previously (18) .
Metformin lowers cell G6P when raised with high glucose or gluconeogenic precursors
We determined the effects of metformin on cell G6P in rat or mouse hepatocytes incubated with either high glucose (25 mM) or with dihydroxyacetone (DHA), which enters the glycolytic/ gluconeogenic pathway at the level of triose phosphates, or with xylitol, which enters the pathway at triose phosphate and fructose 6-phosphate (23) . These experiments were performed without or with the chlorogenic acid derivative S4048 (24) , which inhibits the G6P transporter (Slc37a4) on the endoplasmic reticulum. S4048 has no effect of G6P levels in hepatocytes incubated with 5 mM glucose (Fig. 1C ), but it enhanced the elevation by high glucose (25 mM) in rat hepatocytes ( Fig. 1D ) and mouse hepatocytes (Fig. 1E ). The elevation in G6P by S4048 in hepatocytes and in vivo (24 -26) supports the role of glucose 6-phosphatase in maintaining G6P homeostasis (16, 17) . Metformin did not lower G6P in hepatocytes incubated with 5 mM glucose (Fig. 1C ), but it lowered G6P dose-dependently in rat or mouse hepatocytes with 25 mM glucose ( Fig. 1, D and E) and caused a greater fractional lowering when G6P was elevated by S4048 ( Fig. 1, F and G) . Similarly metformin lowered G6P with both DHA (Fig. 1H ) and xylitol ( Fig. 1I ). Cell ATP was decreased by 1 mM metformin but not by Յ0.5 mM metformin ( Fig. 1, J-N) .
AMPK activators do not mimic metformin on glycolysis, gluconeogenesis, or cell G6P
We next tested whether direct activators of AMPK (A-769662, 991, and C-13) mimic the metformin lowering of G6P with high glucose or DHA (Fig. 2) . A-769662 and compound 991 bind to a discrete pocket between the ␣ and ␤ subunits of AMPK (27, 28) , whereas C-13 is a prodrug that is metabolized to an "AMP mimetic" that binds to the ␥-regulatory subunit (29) . A-769662 (20 M) caused similar phosphorylation of the AMPK target acetyl-CoA carboxylase-S79 as 500 M metformin ( Fig. 2A) , and C-13 and 991 at 3 M caused comparable phosphorylation as 20 M A-769662 ( Fig. 2B ). With 25 mM glucose, A-769662 increased G6P, 991 had no effect, and C-13 caused a modest decrease compared with metformin ( Fig. 2C ) with negligible effect on ATP ( Fig. 2D ) but with significant inhibition in the production of lactate and pyruvate unlike metformin ( Fig. 2E ). With DHA, the AMPK activators unlike metformin significantly raised G6P ( Fig. 2F) , with little effect on ATP (Fig. 2G ), and A-769662 and C-13 also increased glucose production ( Fig. 2H ). This indicates opposite effects of AMPK activators from metformin on glycolysis with high glucose and on gluconeogenesis from DHA and shows that the AMPK activators do not mimic the G6P lowering by metformin.
A-769662 does not mimic low metformin on G6pc and Gck expression at high glucose
We next tested whether A-769662 mimics metformin (Ն0.2 mM) on gene regulation at high glucose. For these experiments, we used 45 mM glucose to achieve G6P levels intermediate between 25 mM glucose alone and 25 mM glucose ϩ S4048. High glucose caused repression of Gck (by 60%) and induction of G6pc and Pklr by 5-and 3-fold, respectively ( Fig. 2 
, I-K).
A-769662 caused similar Pklr repression as high metformin ( Fig. 2K ) but did not mimic the effect of 0.2 mM metformin on either Gck or G6pc expression ( Fig. 2 , I and J). This implicates AMPK-independent mechanisms for the counter-regulatory effects of low metformin on G6pc and Gck expression.
Metformin lowers G6P in hepatocytes from AMPK-KO mice
To test for involvement of AMPK in the metformin mechanism on G6P, we used hepatocytes from liver-specific AMPK␣1␣2 knockout mice. We confirmed the lack of immunoactivity to AMPK␣ in hepatocytes from AMPK␣1 lox/lox , ␣2 lox/lox -Alfp-Cre (AMPK-KO) compared with the AMPK␣1 lox/lox ,␣2 lox/lox (AMPK lox/lox ) controls ( Fig. 3A) and also a lack of immunoactivity to phospho-AMPK␣ after challenge with metformin or A-769662 ( Fig. 3B ). To test whether activation of AMPK by metformin is affected by raised G6P, we compared phospho-AMPK immunoactivity in conditions of low and high G6P with 25 mM glucose ϩ S4048 in control hepatocytes from AMPK lox/lox mice. Phosphorylation of AMPK by high metformin (0.5 mM) and by A-769662 (10 M) was not attenuated by high glucose ϩ S4048 compared with 5 mM glucose ( Fig. 3C ). Hepatocytes from AMPK-KO mice had similar levels of cell ATP in control conditions without S4048 with either 25 mM glucose ( Fig. 3 , D and E) or with 5 mM DHA (Fig. 3 , F and G) and similar elevation of G6P with S4048 at 25 mM glucose or DHA ( Fig. 3 , H-K) as control hepatocytes from AMPK lox/lox mice. The
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AMPK-KO hepatocytes showed small but significant lowering of ATP with S4048 ( Fig. 3 , L and M), which is best explained by compromised ATP homeostasis in conditions of raised G6P. Metformin (0.2 and 0.5 mM) caused similar or greater fractional low-ering of G6P in AMPK-KO hepatocytes with high glucose ϩ S4048 or with DHA ϩ S4048 as for AMPK lox/lox controls (Fig. 3, N and O). This indicates involvement of AMPK-independent mechanisms in the metformin lowering of G6P. 
Metformin lowers glucose 6-phosphate in hepatocytes Rotenone, an uncoupler, and an NNT inhibitor lower G6P
To test for mechanisms linked to mitochondrial function ( Fig. 4A ), we compared metformin with a complex 1 inhibitor (rotenone), an uncoupler (dinitrophenol (DNP)), and with berberine, which causes mitochondrial depolarization similar to metformin (30) . Rotenone, DNP, and berberine caused comparable lowering of G6P as metformin ( Fig. 4B) , with negligible effect on ATP ( Fig. 4C ). To test whether the metformin mechanism is similar to that of rotenone or the uncoupler, we determined the metabolism of [U-14 C]glucose to 14 CO 2 as a measure of mitochondrial oxidation ( Fig. 4D ). Glucose oxidation was inhibited by rotenone, as expected for a complex I inhibitor, which promotes an increase in NADH/NAD ratio, and it was stimulated with DNP, consistent with dissipation of the proton gradient and increased electron transport. Metformin inhibited glucose oxidation at 500 M ( Fig. 4D ), consistent with inhibition of complex I at this concentration (31) . However, lower metformin concentrations had no effect on glucose oxidation (Fig. 4D ). The similar lowering of G6P by rotenone and DNP, which have opposite effects on substrate oxidation, implicates 
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the decrease in the mitochondrial proton gradient as a possible link to the G6P lowering. Mechanisms linked to the mitochondrial proton gradient include ATP synthase (complex V) and nicotinamide nucleotide transhydrogenase (NNT), which generates NADPH from NADH, NADP, and proton import ( Fig. 4A ). We next tested whether rhein (4,5-dihydroxyanthraquinone 2-carboxylic acid), an inhibitor of NNT (32), lowers G6P. Rhein (40 M) raised NADP, as expected (33) , and lowered G6P in conditions of maintained ATP ( Fig. 4E ), suggesting a possible role for either NNT inhibition or for the raised NADP/NADPH ratio.
Metformin raises NADP but NNT deletion does not abolish the G6P-lowering effect of metformin
To test for possible involvement of NNT activity or raised NADP in the G6P-lowering effect of metformin, we determined cell NADP in incubations with metformin, and we also tested NH 4 ϩ (2 mM), which raises NADP by consumption of NADPH during urea synthesis (33, 34) . Cell NADP was higher at 5 mM glucose than at 25 mM glucose and was raised by NH 4 ϩ at low and high glucose and by 500 M metformin at high glucose ( Fig.  4F ). NH 4 ϩ , like metformin, lowered G6P at high glucose ( Fig.  3G ) with no effect on ATP (Fig. 4H ). The raised NADP by metformin and the lowering of G6P by rhein and NH 4 ϩ , which raise NADP by different mechanisms (33, 34) , support potential roles for compromised NNT activity or for the raised NADP/ NADPH in the G6P lowering, for example by increased activity of the pentose pathway, which uses G6P and NADP as substrates. To test for a role of NNT we determined the effects of metformin in hepatocytes from mice with a deletion in the Nnt gene (35) (Fig. 4I ). The lowering of G6P by metformin was similar in hepatocytes without or with a functional Nnt gene ( Fig. 4 , J and K). This indicates involvement of mechanisms other than NNT inhibition in the G6P depletion by metformin.
Changes in glucose phosphorylation or glycogen metabolism cannot explain the metformin lowering of G6P
We tested which candidate metabolic pathways are involved in the metformin mechanism ( Fig. 5A ). Depletion of G6P may result from inhibition of G6P generating pathways (e.g. glucose phosphorylation, gluconeogenesis, or glycogenolysis) or stimulation of G6P-consuming pathways (glycogen synthesis, glycolysis, or pentose pathway). We used [2-3 H]glucose to measure glucose phosphorylation and [3-3 H]glucose to determine G6P metabolism by glycolysis and the pentose pathway. Glucose phosphorylation was modestly inhibited by A-769662 and C-13 and by 2.5 mM metformin but not by lower metformin (0.2-1 mM) ( Fig. 5, B and C) . Similarly glucokinase translocation by high glucose was inhibited by 2.5-5 mM metformin but not by 0.5 mM metformin ( In the presence of a glucokinase activator (GKA) to maximally activate endogenous glucokinase, low metformin also modestly increased [3-3 H]glucose metabolism ( Fig. 5E ) and formation of lactate and pyruvate ( Fig. 5F) , whereas in the presence of mannoheptulose, a glucokinase inhibitor, the effects of metformin on pyruvate and lactate formation ( Fig. 5F ) and on G6P ( Fig. 5G ) were abolished. Cumulatively, this implicates metformin stimulation of G6P disposal by glycolysis and/or the pentose pathway downstream of glucose phosphorylation at endogenous or raised but not attenuated glucokinase activity.
Lowering of G6P can occur in conditions of stimulation of glycogen synthesis (36) . We therefore tested the effects of metformin on glycogen synthesis (Fig. 5H ). Metformin caused concentrationdependent inhibition of glycogen synthesis (Fig. 5H ), and this correlated with the G6P lowering (r ϭ 0.99; Fig. 5 , I and J). Metformin also inhibited glycogen storage with 25 mM glucose and DHA as substrates ( Fig. 5K ). G6P is a major regulator of glycogen synthesis (37) . These results rule out a role for changes in glycogen metabolism as a cause of G6P depletion but implicate the G6P lowering as the cause of the impaired glycogen synthesis.
Flux through glycolysis and the pentose pathway determined with [1,2-13 C 2 ]glucose: converse effects of metformin and AMPK activators
To test whether metformin increases flux through the pentose pathway, we first used [1- 14 We next used [1,2-13 C 2 ]glucose to measure partitioning of flux between glycolysis (via PFK1) and the pentose pathway (via glucose 6-phosphate dehydrogenase) from [ 13 C]lactate mass isotopologs: m0, m1, and m2, where m0 represents unlabeled lactate, and m1 and m2 represent lactate with one or two 13 C atoms, respectively ( Fig. 6A ). Metabolism of [1,2-13 C 2 ]glucose by the pentose pathway generates m1 and m0 lactate, whereas glycolysis generates m2 and m0 lactate. Pyruvate cycling in mitochondria would lead to conversion of m2 to m1. Incubations were performed with ␣-cyano-4-hydroxycinnamate and amino-oxyacetate to inhibit substrate entry into mitochondria as pyruvate or alanine (40) in medium without glutamine. We confirmed inhibition of entry of glucose carbon into mitochondria from the lack of 13 C incorporation into glutamate. The medium also contained S4048 to prevent flux through glucose 6-phosphatase. Comparison of glucose isotopologs at the start and end of the incubation confirmed no change in 13 C distribution in medium glucose. In these conditions the ratio of m2/m1 lactate is a measure of the relative G6P flux by glycolysis (PFK1) versus pentose pathway ( Fig. 6A ). Metformin (100 -500 M) had two effects on [ 13 C]lactate mass isotopolog distribution. It increased the fraction of lactate derived from glucose (Fig. 6B) , and it increased the m2/m1 ratio (Fig. 6C ). The AMPK activator decreased the m2/m1 ratio ( Fig. 6C ). Cumulatively metformin stimulates glycolysis via PFK1 in absolute terms and relative to flux via the pentose pathway, whereas the AMPK activator had the converse effect on the m2/m1 ratio. NH 4 ϩ (2 mM) increased the fraction of lactate derived from glucose without changing the m2/m1 ratio, indicating increased glycolysis and possibly also pentose pathway.
Metformin lowers glucose 6-phosphate in hepatocytes Modulation of cell G6P by inhibition of PFK-1 or FBP1 activity
To identify candidate mechanisms for the G6P lowering, we determined the effects of targeted inhibition of PFK1 or FBP1. We first expressed a kinase-deficient variant of the liver isoform (PFKFB1) of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFK2-KD), which functions as a constitutively active bisphosphatase and depletes fructose-2,6-P 2 (14) , an activator of PFK1 and inhibitor of FBP1 (41). PFK2-KD caused modest (Ͻ20%) low-ering of pyruvate ϩ lactate formation ( Fig. 7A ) but raised G6P by ϳ3-fold (Fig. 7B) . We next used the citrate analog aurintricarboxylic acid (ATA), which is a potent inhibitor of PFK1 and antagonizes activation by fructose-2,6-P 2 (42) . ATA caused concentration-dependent lowering of pyruvate and lactate formation and increased G6P by 3-fold also at the lowest concentrations tested (Fig. 7C) Metformin lowers glucose 6-phosphate in hepatocytes tively (Fig. 7D) , with greater (p Ͻ 0.05) fractional inhibition of [3-3 H]glucose, consistent with inactivation of PFK1 (42) . An inhibitor of FBP1 caused concentration-dependent lowering of G6P but without increasing lactate and pyruvate production and with ATP lowering (Fig. 7E ). Treatment with amino-oxyacetate (AOA), an inhibitor of the aspartate shuttle, to inhibit transfer of NADH equivalents to mitochondria and thereby increase the cytoplasmic NADH/NAD (43) as shown by the increase in lactate/pyruvate ratio ( Fig. 7F ) had no effect on cell G6P (Fig. 7G ). This establishes that selective targeting of PFK1 and/or FBP1 but not targeting downstream glycolysis with an increase in cytoplasmic NADH/ NAD redox state affects G6P levels.
Candidate effectors of PFK1-increased P i
The 3-fold increase in G6P with the PFK1 inhibitor (42) despite modest inhibition of pyruvate and lactate formation (Fig. 7, C and D) suggests that allosteric effectors of PFK1 could account for the G6P lowering by metformin with concomitant increased glycolysis (Figs. 2E; 5, C, E, and F; 6; and 7A). Candidate PFK1 activators include AMP, P i , NH 4 ϩ , fructose 2,6-P 2 , and fructose 1,6-P 2 , and inhibitors include citrate and G3P (41) . Fructose 2,6-P 2 is lowered by metformin (18) and therefore cannot explain the increased glycolysis. P i is a candidate effector because mitochondrial [P i ] is severalfold higher than cytoplasmic P i , and uptake into mitochondria is by electrogenic transport (44) . Accordingly mitochondrial depolarization by low metformin (45) would be expected to increase cytoplasmic P i . Total cell P i was increased by high DNP (100 M) as expected (46) and by high (Ն500 M) metformin (Fig. 7H ). An increase in cytoplasmic P i with negligible change in total cell P i would be expected at lower metformin or DNP with more modest effects on the mitochondrial proton gradient.
Roles of G3P and mGPDH activity in modulating cell G6P and G6pc expression
We showed previously (31) that metformin lowers G3P, a substrate for mGPDH and cGPDH and an inhibitor for PFK-1 (41), in conditions of gluconeogenic flux and proposed a role for the lower G3P in activation of PFK1 and inhibition of gluconeogenesis (31) . Liver G3P represents the balance between formation from exogenous glycerol (via glycerokinase) and metabolism by cGPDH and mGPDH. Whereas cGPDH is present at high activity and catalyzes the reversible interconversion of DHAP and G3P, mGPDH is present in low activity in liver and catalyzes the irreversible oxidation of G3P to DHAP (47) . We tested the hypothesis that selective lowering of G3P by mGPDH overexpression lowers G6P. Cells overexpressing mGPDH had lower G3P with 25 mM glucose, DHA, and glycerol as substrate ( Fig. 8A) as expected (31) , and they also had markedly lower G6P (Fig. 8B) . Interestingly, overexpression of mGPDH attenuated the induction of G6pc and Txnip mRNA by 25 mM glucose, similarly to metformin (Fig. 8C) .
The Gpd2 gene encoding mGPDH was identified as a potential target for ChREBP in mouse liver (48) . We tested whether Gpd2 is induced by raised G6P or G3P. Hepatocytes were incubated with either 25 mM glucose with or without S4048 to raise 
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G6P or with the reduced substrate xylitol and without or with AOA to inhibit transfer of NADH equivalents from the cytoplasm and further raise G3P. The highest G6P elevation was with high glucose ϩ S4048 (Fig. 8D) , and the highest G3P was with xylitol ϩ AOA (Fig. 8E) . Expression of ChREBP-␣ was raised by 30% by high glucose ϩ S4048 (Fig. 8F) , whereas ChREBP-␤ (Fig. 8G) , which is a sensitive marker of ChREBP activation (49) , was increased by 5-and 4-fold, respectively, by high G6P (25 mM glucose with S4048) and by high G3P (xylitol ϩ AOA) and was also significantly induced by moderate elevation in G6P and G3P with high glucose or xylitol without inhibitors but not with AOA alone. This indicates activation of ChREBP-␤ by triose-P (G3P), as well as hexose-P (G6P). G6pc mRNA was induced to a greater extent by raised G6P compared with raised G3P (Fig. 8H ), 10-fold versus 3-fold (p Ͻ 0.05), whereas Gpd2 mRNA was induced similarly (Fig. 8I ) by raised G3P (61% by xylitol ϩ AOA) and by G6P (74% by 25G ϩ S4048). This shows that the Gpd2 gene is induced by raised G6P and by G3P ( Fig. 8, D, E, and I) and that raised mGPDH activity attenuates the raised G3P and G6P by substrate challenge (Fig. 8, A and B) and similarly to metformin it attenuates G6pc induction by high glucose (Fig. 8C ). This supports a role for the lower G6P and G3P in the metformin repression of G6pc.
Dinitrophenol and rotenone mimic the G3P lowering by metformin
We next explored the mechanisms for G3P lowering by metformin. In liver cells in the absence of exogenous glycerol, changes in cell G3P result mainly from changes in the cytoplasmic NADH/NAD redox state via the cGPDH equilibrium ( Fig.  9A ) or from changes in mGPDH activity, which transfers the electrons from G3P oxidation to the mitochondrial ubiquinone pool (Fig. 9A ). Cell G3P was moderately raised by elevated glucose (15-25 mM) and by 5 mM DHA and was further raised by AOA, whereas ATP was unchanged (Fig. 9, B and C) . The 
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increase by AOA is explained by the raised cytoplasmic NADH/ NAD ratio (43) as shown by the raised lactate/pyruvate ratio (Fig. 7F) , which increases conversion of DHAP to G3P by cGPDH (Fig. 9A) . The uncoupler DNP, which stimulates mitochondrial pyruvate oxidation by dissipation of the mitochondrial proton gradient, mimicked metformin and lowered G3P, with both DHA (Fig. 9 , D and E) and 25 mM glucose (Fig. 9 , F and G) irrespective of the presence of AOA, with no change in ATP. The DNP effect on G3P is consistent with a more oxidized ubiquinone redox state, by dissipation of the proton gradient. Rotenone (0.25-1 M), an inhibitor of complex 1, caused concentration-dependent lowering of G3P in the presence of AOA and more modest lowering of G3P at Ն0.5 M in the absence of AOA (Fig. 9H ) with mild lowering of ATP at 1 M rotenone (Fig. 9I ). In the absence of AOA low rotenone (0.25 M) raised lactate plus pyruvate production and the lactate/pyruvate ratio ( Fig. 9, J and K) , indicating a raised cytoplasmic NADH/NAD. The latter predicts G3P elevation via cGPDH. Accordingly, rotenone has opposite effect on G3P via cGPDH and mGPDH. In the presence of ethanol, which markedly raised cell G3P (Fig.  9, L-O) , as expected (50) , the fractional lowering of G3P by DNP was increased from 40 -70% to 70 -85% ( Fig. 9L versus  9F) , and the lowering of G3P by rotenone was also increased ( Fig. 9, N versus H) . Metformin (100 -200 M) modestly lowered G3P in all conditions tested ( Fig. 9, D, F, L, and N) . Because metformin raises the lactate/pyruvate ratio (Fig.  7F) , the metformin effect on G3P cannot be explained by the cytoplasmic NADH/NAD redox state and therefore indicates increased mGPDH activity. Cumulatively, G3P lowering by DNP, rotenone, and metformin is best explained by a more oxidized mitochondrial ubiquinone redox state. 
Discussion
We show in this study that metformin lowers G6P in hepatocytes challenged with gluconeogenic precursors or high glucose by increased flux through glycolysis, downstream of G6P and not through effects on glucose phosphorylation or glycogen metabolism. This G6P lowering manifests over a wide range of cell metformin concentrations from the therapeutic range (1-2 nmol/mg cell protein) to 10-fold higher and is not 4 (B, C, F, and G) , n ϭ 6 (D and E), and n ϭ 2 (H-O) hepatocyte preparations each with triplicate incubations). *, p Ͻ 0.05 relative to respective control; # , p Ͻ 0.05 effect of AOA.
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mediated by AMPK-dependent mechanisms. It is a candidate mechanism for the repression of G6pc by low metformin in animal models of diabetes (12, 13) and in hepatocytes from AMPK-deficient mice (10) .
The induction of G6pc (encoding glucose 6-phosphatase) by high glucose is linked to raised metabolites of glucose rather than to glucose itself via activation of the transcription factor ChREBP, which binds to the liver G6pc gene promoter (14, 15) and is explained by the adaptive role of glucose 6-phosphatase in maintaining cellular homeostasis of ATP and hexose phosphates (16, 17) . We show that Gpd2 (encoding mGPDH), which is a candidate target gene of ChREBP (48) , is induced by raised phosphate esters in conditions of ChREBP-␤ induction. This indicates an analogous role for mGPDH as for glucose 6-phosphatase (G6pc) in cell phosphate ester homeostasis in conditions of glucose excess. We also show that overexpression of mGPDH attenuates the elevation in both hexose phosphate and triose phosphate and mimics the G6pc repression by metformin, thus supporting a role for lowering of phosphometabolites in the metformin mechanism on G6pc.
The metformin efficacy in G6P lowering manifests in conditions of raised intracellular metabolites, as occurs with high glucose or gluconeogenic precursors, and is further enhanced by the G6P transport inhibitor (S4048), which further enhances G6P elevation (24 -26) . The finding that the lowering of G6P by metformin was abolished with a glucokinase inhibitor, which lowers G6P is of interest because metformin is known to be ineffective in maturity-onset diabetes of the young linked to inactivating mutations in the GCK gene (51) . This further supports a role for the G6P lowering in the therapeutic effect of metformin in type 2 diabetes (2).
In the liver, several metabolic pathways can contribute to the G6P lowering by metformin. G6P is generated by glucose phosphorylation, glycogen degradation, and gluconeogenesis and metabolized by glycogen synthesis, glycolysis, pentose pathway, and other minor pathways. We can firmly exclude inhibition of glucose phosphorylation because only very high metformin (Ͼ1 mM) inhibited glucose phosphorylation in association with ATP depletion. We also exclude metformin effects on glycogen metabolism (synthesis or degradation) as a cause of the G6P lowering because metformin decreased rather than increased glycogen synthesis and storage, at all concentrations tested, in agreement with previous findings (52) . G6P is a key activator of glycogen synthase (37) and inhibitor of glycogen phosphorylase (53) . Accordingly, the correlation between G6P lowering and inhibition of glycogen synthesis with increasing metformin points to the decline in G6P as the primary mechanism with attenuation of glycogen synthesis, as secondary to G6P depletion, through partitioning toward glycolysis. The pentose pathway uses G6P as substrate and generates NADPH. Flux through this pathway is determined by the NADP/NADPH ratio (54) and is increased when other pathways for NADPH production (such as NNT, which is driven by the mitochondrial proton gradient) are compromised or when there is increased consumption of NADPH, for example by urea synthesis (34) . We considered this pathway as a potential mechanism because metformin raised NADP, and in addition, an NNT inhibitor and ammonium ion, which raise NADP by different mecha-nisms, both lowered G6P. However, the data on NNT-deficient hepatocytes indicate a mechanism independent of NNT, and furthermore the depletion of G6P by NH 4 ϩ can be explained by allosteric activation of PFK1 (41) .
A role for activation of glycolysis at PFK1 by low metformin is supported by various sets of evidence. First, metabolism of [2-3 H]glucose and [3-3 H]glucose, which measure respectively, glucose phosphorylation and downstream G6P metabolism by glycolysis and/or pentose pathway showed higher stimulation by metformin of detritiation of [3-3 H]glucose compared with [2-3 H]glucose. Second, lactate isotopomers (m2/m1 ratio) from [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose revealed both a relative increase in glycolysis versus pentose pathway and an absolute increase in glycolysis. Third, the citrate analog (ATA) which is a potent inhibitor of PFK1 (42) caused 3-fold elevation in G6P despite modest inhibition of glycolysis, whereas targeting downstream glycolysis with a more reduced cytoplasmic NADH/NAD redox state had negligible effect on G6P. This cumulatively supports a role for allosteric regulation at a proximal site of glycolysis after hexose 6-P formation by targeting of PFK1 and/or FBP1.
FBP1 is inhibited by fructose-2,6-P 2 and AMP, whereas PFK1 is inhibited by citrate and G3P and activated by fructose 2,6-P 2 , AMP, P i , NH 4 ϩ , and other effectors (41) . Fructose 2,6-P 2 , which has a major role in hepatic regulation of glycolysis by hormones and high glucose, can be excluded from the metformin mechanism on glycolysis and G6P because it is lowered by metformin (18) . A somewhat analogous mechanism occurs in hepatocytes during anoxia, which promotes glycolysis with concomitant lowering of fructose 2,6-P 2 (55) but with raised AMP and lowered citrate, which stimulate and inhibit PFK1, respectively (41, 55) . Candidate allosteric effectors to explain the stimulation of glycolysis by metformin include: raised AMP and cytoplasmic P i and lowered citrate and G3P. A role for raised AMP in the inhibition of gluconeogenesis by metformin was recently demonstrated using a knockin mouse model for an AMP-insensitive variant of FBP1 (56) . Metformin has been shown to lower citrate levels in a metabolomics study on the Zucker diabetic fatty rat (57) and to lower G3P in hepatocytes incubated with gluconeogenic precursors (31, 58) . The lowering of G3P by metformin contrasts with the marked elevation during anoxia (55) and is best explained by mitochondrial depolarization, which favors increased flux through mGPDH.
Cytoplasmic G3P levels are determined by the cGDH equilibrium through changes in the NADH/NAD redox and by the activity of mGPDH, which oxidizes cytoplasmic G3P by transfer of electrons to ubiquinone in the electron transport chain. mGPDH has low affinity for its substrate G3P (47) and thereby a minor role on cell G3P at low substrate when changes in cell G3P would predominantly reflect changes in the cytoplasmic NADH/NAD redox state through the cGDH equilibrium. Here we used high substrate or ethanol to raise G3P. Lowering of G3P by rotenone and metformin in conjunction with an increase in the lactate/pyruvate ratio, which implicates an increase in the G3P/DHAP via the cGDH equilibrium, indicates increased flux through mGPDH. The studies with the uncoupler support a role for mitochondrial depolarization in lowering G3P and G6P and also raising cell P i (an activator of PFK1). Cumulatively this supports multiple allosteric effectors includ-
ing lower G3P and citrate (57) and raised P i and AMP (56) in the metformin activation of PFK1. It does not exclude a role for the raised AMP causing inhibition of FBP1 as shown recently with a knockin mouse model for an AMP-insensitive FBP1 variant (56) .
Two widely studied mechanisms of metformin are the inhibition of complex 1 (19, (59) (60) (61) (62) (63) and the activation of AMPK (63, 64) . The latter can occur either by a "canonical" pathway downstream of inhibition of complex 1 and consequent mitochondrial depolarization resulting in compromised phosphorylation potential and thereby raised AMP or by a "noncanonical" pathway linked to sensing of fructose 1,6-P 2 (65, 66) . Arguments in support of involvement of complex 1 in activation of AMPK by the canonical pathway have been reviewed (63) . The noncanonical pathway occurs in conditions of depletion of fructose 1,6-P 2 , which promotes formation of an AMPK multiprotein complex at the lysosome comprising AXIN, LKB1, Ragulator, v-ATPase, and aldolase functioning as the fructose 1,6-P 2 sensor (65, 66) . We can exclude a role for AMPK activation in the G6P-lowering mechanism because metformin was equally effective in AMPK-KO hepatocytes. However, we cannot exclude involvement of other stress kinases like PKD and MK2 that may be activated through LKB1-independent mechanisms at high metformin (67) . In this study, high substrate challenge showed trends of lower AMPK phosphorylation basally and with low metformin (0.2 mM) but enhanced AMPK phosphorylation with high metformin (0.5 mM), indicating that raised hexose phosphates do not antagonize AMPK activation by the canonical pathway.
A key outstanding and contentious issue is whether inhibition of complex 1 is involved the therapeutic effects of metformin (63, 64) . Inhibition of the oxygen consumption rate (19, 59) or glucose (pyruvate) oxidation by high metformin are consistent with inhibition of complex 1 and mimicked by rotenone. In this study we found inhibition of glucose oxidation by 0.5 mM but not by 0.2 mM metformin, and this concurs with studies showing inhibition of oxygen consumption at Ն 0.3 mM metformin (68) . Although high metformin (Ն0.5 mM) promotes a more reduced mitochondrial NADH/NAD ratio, consistent with complex 1 inhibition (31), low metformin (Յ0.2 mM) promotes a more oxidized NADH/NAD ratio and increased ␤-octanoate oxidation, implicating increased electron transport (31) . Nonetheless, glucose (pyruvate) oxidation was unchanged at low metformin (0.2 mM). We cannot exclude a role for targeting of complex 1 by low metformin, whereby metformin causes uncoupling of proton pumping as proposed by Cameron et al. (62) , and the consequent mitochondrial depolarization favors increased electron transport and increased flux through mGPDH. Depolarization of mitochondria by low metformin has been reported (45) . Whether mechanisms independently of complex 1 can explain such a depolarization remains speculative (31) . Cumulatively, this study shows that the lowering of G6P in conditions of substrate challenge by metformin is mimicked by mitochondrial depolarization with an uncoupler or by a complex 1 inhibitor and that multiple allosteric effectors of PFK1, including lower G3P and raised P i , as well as raised AMP (56) and lower citrate (57), can contribute to the increased disposal of G6P by glycolysis.
Experimental procedures
Reagents
A-769662 was from Tocris Biosciences; the AMPK activator C-13 was from the Division of Signal Transduction Therapy, University of Dundee; compound 991 was synthesized by SpiroChem (69) ; the GKA Ro28-1675 was from Axon Med-Chem BV (Groningen, The Netherlands); the FBP1 inhibitor 5-chloro-2-[N-(2,5-dichlorobenzenesulfonamide)]-benzoxazole (14) was from Calbiochem/Santa Cruz; and S4048 (1-[2-(4-chloro-phenyl)-cyclopropylmethoxy]-3,4-dihydroxy-5-(3-imidazo[4,5-b]pyridin-1-yl-3-phenyl-acryloyloxy)-cyclohexanecarboxylic acid) was a kind gift from Sanofi-Aventis. All other reagents were from Sigma or Tocris Biosciences.
Hepatocyte isolation and culture
The mice were housed in environmental conditions as outlined in the Home Office Code of Practice. All animal procedures conformed to Home Office Regulations and were approved by the Animal Welfare Ethics Review Board of the Newcastle University Ethics Committee. Hepatocytes were isolated from adult male Wistar rats (Envigo, Bicester, UK) and adult male mice, by collagenase perfusion of the liver (31). Unless otherwise indicated, the mice were of the C57BL/6JO-laHSD strain (Envigo). For the experiments in Fig. 3 on liver AMPK-deficient mice, these were generated by crossing AMPK␣1 lox/lox ,␣2 lox/lox mice (control) against Alfp-Cre (albumin promoter with ␣-fetoprotein enhancer) to generate AMPK␣1 lox/lox ,␣2 lox/lox -Alfp-Cre (AMPK-KO) mice, as previously described (69) . For experiments on Nnt-deficient mice, the strain was C57BL/6J (35) from Charles River. For the experiments in Fig. 9 , the mice were heterozygous for P446L substitution in the Gckr gene (70) . The hepatocytes were suspended in minimum essential medium (MEM) containing 5% (v/v) new born calf serum and seeded on gelatin-coated (0.1%) multiwell plates, glass coverslips for immunostaining (18) , or glass flasks for 14 CO 2 entrapment. After cell attachment the medium was replaced by serum-free MEM containing 5 mM glucose, 10 nM dexamethasone, and 1 nM insulin, and the experiments were started after ϳ20 h of culture. For experiments involving enzyme overexpression, the hepatocytes were incubated with adenoviral vectors for 4 h after cell attachment. For overexpression of mouse mGPDH, the adenoviral vector (Ad-m-Gpd2, ADV-279685, 5 ϫ 10 7 plaque-forming units/ml) was generated by Vector Biolabs (Malvern, PA). The vector for expression of a kinase-deficient bisphosphatase active variant (S32D/T55V) of 6-phosphofructo-2-kinase-fructose-2,6-bisphosphatase, PFKFB1 (denoted by PFK-KD), was described in Ref. 14.
Hepatocyte incubations
After overnight culture hepatocytes were preincubated for 2 h in MEM containing 5 mM glucose and the concentrations of metformin and AMPK activators or enzyme inhibitors as indicated. The medium was then supplemented with glucose or gluconeogenic substrates and other additions as indicated or replaced by fresh medium with the additions including met-
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formin at the same concentration as for the 2-h preincubation and incubations were continued for 1 h. Where indicated, S4048 (G6P transport inhibitor) was used to raise cell G6P at a concentration of 0.2-2 M.
Accumulation of [ 14 C]metformin was as described in Ref. 18 , and metabolism of [U-14 C]glucose to glycogen and [2-3 H],[3-3 H]glucose to 3 H 2 O were as described in Ref. 71 . For [U- 14 C] glucose oxidation, the cells were cultured in glass flasks, and for the final incubation with [U-14 C]glucose, the flasks contained a 2-ml tube and were sealed with rubber stoppers. The incubation was terminated by injection of HCl (0.2 M final) to the flask, and Hyamine 10ϫ hydroxide (300 l; PerkinElmer) was injected into the 2-ml tube to trap the 14 CO 2 released by acidification of the medium. For determination of cell metabolites other than P i , the medium was aspirated on termination of the incubations, and the hepatocyte monolayers in multiwell pates were snap-frozen in liquid nitrogen and stored at Ϫ80°C until analysis. For determination of cell ATP, G6P and G3P cells were extracted in 2.5% (w/v) sulfosalicylic acid and deproteinized, and ATP was determined by chemiluminescence and G3P and G6P fluorometrically (excitation, 530 nm; emission, 590 nm) as in Ref. 31 . For NADP assay, the cells were extracted in 0.6 M HClO 4 , and after deproteinization and neutralization (3 M KOH/1 M K 2 HPO 4 ), NADP was assayed fluorometrically (excitation, 340; emission, 450) with yeast glucose 6-phosphate dehydrogenase. For determination of P i on termination of the incubations, the hepatocyte monolayers were rapidly washed two times with 300 mM sucrose, 3 mM HEPES, pH 7.4, and extracted in 0.6 M perchloric acid (4°C). The extracts were centrifuged (9000 ϫ g, 10 min, 4°C) and assayed immediately as described in Ref. 72 . Pyruvate and lactate in the medium were determined by either absorbance (A 340 nm ) or fluorometrically (excitation, 340 nm; emission, 450 nm) using lactate dehydrogenase as previously described (31) .
Flux analysis from [1,2-13 C 2 ]glucose
Hepatocytes were incubated in MEM without glutamine, containing 15 mM glucose with [1,2-13 C 2 ]glucose (50%), 2 M S4048, 0.4 mM ␣-cyanocinnamate, 500 M aminooxyacetate, and other additions as indicated for 1 h. The medium was collected at the start and end of the incubation and derivatized for CG-MS analysis of lactate, glucose, and glutamate, as described in Ref. 73 . The results of lactate mass isotopologs are expressed as fractional enrichment or m2/m1 ratio (73) .
Immunostaining and immunoblotting
Immunostaining for glucokinase in hepatocyte monolayers on glass coverslips was with a rabbit GK antibody (H-88, sc7908) as in Ref. 74 . For immunoblotting, the hepatocytes were extracted in buffer containing 100 mM KCl, 10 mM EDTA, 20 mM K 2 HPO 4 , 0.1% Triton X-100, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM benzamidine, 1 mM DTT, 1 g/ml calyculin A, and 0.1% protease inhibitor mixture. Samples (20 g of protein) were resolved by SDS-PAGE (90 V for 15 min and 180 V for 45 min) and transferred onto PVDF membrane (Trans Blot SD semidry; 15 V for 45 min). The membranes were probed for AMPK␣ and phospho-AMPK␣-Thr-172 (New England Biolabs catalog nos. 2532 and 2531), acetyl-CoA car-boxylase-S79(P) (New England Biolabs catalog no. 3661), and Gapdh (Hytest catalog no. ABIN153387), and protein bands were visualized by enhanced chemiluminescence (Pierce) and exposure to medical film (Agfa Healthcare). Densitometry was imaged by Bio-Rad GS-800 software.
mRNA analysis
